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104354 | RSC Adv., 2016, 6, 104354–10fermentation of food waste to
produce lactic acid without inoculum addition†
Juan Wang,a Ming Gao,a Qunhui Wang,*ab Wenyu Zhangc and Yoshihito Shiraid
Lactic acid (LA) production through non-sterilized open fermentation of food waste without inoculum
addition was investigated. Results from laboratory-scale experiments indicated that the optimal
solid–liquid ratio was 1 : 1 (water content 91.7%). Addition of a-amylase could signiﬁcantly accelerate
the hydrolysis of food waste and consequently increase LA productivity. During the pilot-scale
fermentation, the highest LA concentration (21.5 g L1) was achieved at 48 h. After 48 h, the LA
concentration decreased and the byproducts (mainly acetic acid and propionic acid) concentration
increased, which was likely caused by the increased cell density of microorganisms other than lactic
acid bacteria. After 48 h of fermentation, the total sugar and suspended solids concentration
decreased by 65.7% and 61.8%, respectively, suggesting that the LA fermentation was beneﬁcial to
achieve the harmless reduction of food waste. The results from this study demonstrated the
feasibility of LA production from food waste fermentation without sterilization and extra inoculum
addition.Introduction
Food waste is municipal solid waste discharged from house-
holds, restaurants and dining halls. According to the Food and
Agriculture Organization of the United Nations, about 1.3
billion tons or one-third of all edible food produced for human
consumption is discarded globally each year without any
further utilization.1 Food waste accounts for roughly 50–70% of
municipal solid waste in almost all Chinese large cities,2 and
most of it is randomly mixed with other solid waste and ulti-
mately incinerated or landlled.3 However, the disposal of food
waste by these traditional methods may result in increased cost
and serious environmental problems, such as water pollution,
greenhouse gas emission, and soil degradation due to its high
moisture and organic content.
Food waste consists mainly of starch, protein, fat, cellulose,
and inorganic salts,4 which can be considered as a valuable
resource to produce fuels, materials, and chemicals.5 Presently,
researches have been performed utilizing food waste as a raw, University of Science and Technology
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4358material to produce valuable and marketable products,
including bioethanol,6,7 biobutanol,8,9 biohydrogen,10,11 lactic
acid (LA),12–14 etc. LA is one of the useful compounds with wide
applications in the eld of food, cosmetic, pharmaceutical and
chemical industries,15 especially for the synthesis of polylactic
acid (PLA). PLA is a promising biodegradable, biocompatible,
and environmentally friendly alternative to plastics derived
from petrochemicals.16 The demand for PLA is ever-increasing
in recent years. However, the high production cost of LA has
become a barrier for PLA to compete with petrochemical-
derived plastics.17 Therefore, food waste, regarded as an acces-
sible, valuable, and renewable materials, have great potential to
be used for the production of LA to replace the traditional
feedstock such as sugar and starch-based materials.
In most cases, LA fermentation is performed under sterile
conditions and with the addition of specic lactic acid bacteria
(LAB) species such as Lactobacillus casei and Lactobacillus
plantarum.18–20 However, non-sterile open fermentation has
many advantages compared with conventional sterile and
closed fermentation. For example, non-sterilized open fermen-
tation requires no equipment and energy for sterilization. More
importantly, this technique could be conducted on-site at local
food waste storage sites instead of transported to centralized
processing plants.21 Many researches have been conducted on
non-sterilized open fermentation to produce LA with the inoc-
ulation of a specic LAB strain.17,22–24 Only few reports have
studied the LA production using the indigenous microorgan-
isms existing in the raw material.
In this study, a pilot-scale study on LA production from
synthetic food waste by non-sterilized open fermentation withoutThis journal is © The Royal Society of Chemistry 2016
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View Article Onlineinoculum addition was carried out. To the best of our knowledge,
this is the rst report on a pilot-scale study on open fermentation
of food waste with indigenous microorganisms to produce LA.Experimental
Materials
In order to obtain reproducible results using materials from
diﬀerent preparations, synthetic food waste was used in the
current study following the standard designed by the Building
Research Institute in Japan (Table 1).25 The food waste was
disintegrated to small particles and stored at20 C before use.
The food waste contained 45.3% starch, 15.8% protein, 60.8%
total sugar based on dry matter. The total solids (TS) and sus-
pended solids (SS) concentration of the synthetic food waste
were 18.6% and 15.8%, respectively. The volatile solids (VS)/TS
was 93.7%, indicating that the solids in food waste was mostly
composed of organic matters and could become an appropriate
substrate for LA fermentation.
The a-amylase was purchased from Sigma-Aldrich Co. LLC,
with an activity of 50 000 U g1.Fermentation process
Laboratory-scale fermentation: two sets of laboratory-scale
experiments were performed to determine the eﬀect of
solid–liquid ratio and a-amylase on LA production. The
synthetic food waste (based on wet weight) was mixed with
water at diﬀerent ratios (1 : 0, 1 : 1, 1 : 3, 1 : 6, and 1 : 10) to
optimize the solid–liquid ratio. 25 U per (g dry matter) of
a-amylase was added to explore its inuence on LA produc-
tion. Simultaneous saccharication and fermentation (SSF) of
500 g mixed food waste was performed at 35 C without pH
adjustment, sterilization and LAB inoculation.
Pilot-scale fermentation: 20 kg synthetic food waste and
20 kg water was added to a 90 L fermenter (MSJ-U2W, B. E.
Marubishi Co., Ltd., Japan). a-Amylase was added at 25 U per (g
dry matter) to the fermentation medium. SSF of the food waste
was performed at 35 C without sterilization and LAB inocula-
tion. The pH was adjusted to 7.0 at each 12 h with 25% aqueous
ammonia (stir only when adjusting pH).Table 1 Composition of the synthetic food waste
Substrate Wet weight (%)
Vegetables (36%) Carrot 18
Chinese cabbage 18
Fruits (30%) Banana skin 10
Apple skin and nuclear 10
Grape skin 10
Fish and meats (20%) Chicken bone 8
Fish bone 10
Eggshell 2
Other (14%) Rice 10
Tea leaves 4
Total 100
This journal is © The Royal Society of Chemistry 2016Analytical methods
The total sugar and soluble sugar were determined by the
phenol sulphuric acid method.26 Dissolved sugar (DS), TS, VS,
and SS were measured using standard methods.27 The pH was
measured by pH meter (pHS-3C, Shanghai Leici Device Works,
Shanghai, China).
The concentration of organic acids (lactic, succinic, formic,
acetic, propionic and butyric acid) were analyzed using high-
performance liquid chromatography (HPLC) (LC-20AT, Shi-
madzu, Japan) equipped a Shodex SH1011 column (8.0 
300mm, Showa Denko K.K., Japan) and a refractive index detector
(RID-10A, Shimadzu, Japan). HPLC analysis was performed at the
column temperature of 50 C with 0.5 mMH2SO4 as mobile phase
at a ow rate of 1.0 mL min1 and an injection volume of 20 mL.
The LAB, Clostridium spp., and the total viable cells were
counted using bromo cresol-purple plate count agar, Clos-
tridium spp. count agar, and standard method agar, respec-
tively.28 All agar media were purchased from Nissui
Pharmaceutical Co., Tokyo, Japan.Results and discussion
Eﬀect of solid–liquid ratio on non-sterilized LA fermentation
Before solid–liquid ratio optimization, the optimal pH and
temperature was found based on laboratory-scale experiment.
As shown in Fig. S1 and S2,† the optimal pH and temperature
for LA production was 7.0 and 35 C. As a result, the following
experiments were all conducted at 35 C with an initial pH of
7.0. The LA concentration and yield at diﬀerent solid–liquid
ratios were shown in Fig. 1. The highest LA concentration
(43.1 g L1) was obtained at the solid–liquid ratio of 1 : 0 aer
fermentation for 168 h. However, the LA yield at 1 : 0 (0.25 g g1
VS) was much lower than that at 1 : 1 (0.32 g g1 VS). The low LA
yield at 1 : 0 was likely caused by limited heat and mass transfer
at high solid–liquid ratios. While at excessive low solid–liquid
ratios, large fermenter is needed and the produced LA
concentration is very low, resulting in LA separation diﬃculties
and disposal problem of the wastewater aer separation. In
order to produce more LA from the same amount of food waste,
the optimal solid–liquid ratio was chosen to be 1 : 1, which
corresponding to a water content of 91.7%. Yan et al.29 found
that the optimal solid–liquid ratio for the enzymatic hydrolysis
of food waste was 1 : 0.75 (water content 89.8%), which was
close to that found in the current study.Eﬀect of a-amylase on non-sterilized LA fermentation
In general, addition of a-amylase to the fermentation medium
may accelerate the hydrolysis of starch, and thus increases the
LA productivity. As shown in Fig. 2, the highest LA concentra-
tion of 24.8 g L1 was achieved at 72 h with a-amylase addition,
which was 48 h earlier than that without a-amylase addition. It
seems that the highest LA concentration was close whether the
a-amylase was added or not. However, the LA productivity for
fermentation with a-amylase addition was 0.34 g (L1 h1),
which was 70% higher than that without. This could be because
that the starch cannot be directly used by LAB to produce LA.RSC Adv., 2016, 6, 104354–104358 | 104355
Fig. 1 LA concentration (a) and LA yield (b) from food waste at diﬀerent solid–liquid ratios.
Fig. 2 Eﬀect of a-amylase on LA and soluble sugar concentration.
Fig. 3 Changes of organic acids during pilot-scale food waste
fermentation.
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View Article OnlineThe starch needed to be hydrolyzed to fermentable sugars
before utilization. The a-amylase had promoted the hydrolysis
of starch, resulting in much higher soluble sugar concentra-
tions during fermentation (Fig. 2).
Pilot-scale non-sterilized fermentation of food waste
The pilot-scale fermentation was performed and repeated ve
times. The average values were shown in this paper. The
production of LA and other organic acids during the fermen-
tation was shown in Fig. 3. The LA concentration reached its
maximum (21.5 g L1) aer 48 h of fermentation and decreased
thereaer. The concentrations of formic, butyric and succinic
acids kept below 1.5 g L1 during the whole process, while the
concentrations of acetic acid and propionic acid were below
2.0 g L1 before 72 h. The obviously high LA concentration and
low byproduct concentrations during the rst 48 h indicated
that the LAB was the dominant microorganisms in the
fermentation medium. Aer that, the decrease of LA concen-
tration might be caused by inhibition of LAB due to the LA
accumulation and the consumption of LA by other microor-
ganisms existing in the fermentation medium. Interestingly,
the concentrations of acetic acid and propionic acid increased
to 4.2 g L1 and 5.7 g L1 from 72 h to 84 h, respectively, while
the concentration of LA have a highest decrement at the same104356 | RSC Adv., 2016, 6, 104354–104358period. Due to the lack of sterilization in this study, the
microorganisms that can utilize LA as carbon source such as
Propionibacterium spp.30 might exist in the medium, causing
decreased LA concentration and increased propionic acid and
acetic acid concentration. Rodrigues et al.31 also reported that
LA can be used by lactic-acid acidogenic microorganisms to
produce propionic acid, acetic acids and hydrogen.
The pH is an important factor that determines the growth
andmetabolism of LAB and other microorganisms that exists in
the fermentation medium. In this study, the pH was adjusted to
7.0 at each 12 h with 25% ammonia. As shown in Fig. 4, the fast
accumulation of LA resulted in a rapid decrease of pH during
the rst 48 h. Even though the pH was adjusted to 7.0 every 12 h,
it then fell quickly to below 5.0 during the rst 36 h. Under such
low pH, the volatile fatty acids (VFAs, including acetic, pro-
pionic, formic, butyric, succinic acids, etc.) could hardly be
produced because the optimal pH for VFAs production was
approximately 6.0.32 Aer 48 h, the pH remained relatively
stable at 6.0–7.0, which was the optimal pH for most microor-
ganisms including Propionibacterium spp.34 and Clostridium
spp, and was also favorable for VFAs production. The proper
environmental condition and abundant substrate mightThis journal is © The Royal Society of Chemistry 2016
Fig. 4 Changes of pH during the pilot-scale food waste fermentation. Fig. 6 Changes of sugar concentration during the pilot-scale open
fermentation of food waste.
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View Article Onlineaccelerate the growth of these microorganisms, leading to the
consumption of LA and production of other byproducts.
The LA production was not only aﬀected by the variation of
pH, but also by the microbial population in the fermentation
medium. In the current study, LAB, Clostridium spp. and the
total viable bacteria were counted using serial dilution plate
counting method. As shown in Fig. 5, the LAB increased from
107 colony forming units (cfu) g1 to 109 cfu g1 aer 48 h
fermentation and was always the dominant bacteria in the
medium. This was in consistent with the rapid increase in LA
concentration during the rst 48 h (Fig. 3). Clostridium spp.,
with the optimal pH above 5.0,33,34 was suppressed at this stage,
especially during the rst 24 h. The pH kept relatively stable at
6.0–7.0 aer 48 h, which was benecial for the growth of Clos-
tridium spp., resulting in increased cell density. Clostridium spp.
can produce organic acids, such as acetic acid, propionic acid,Fig. 5 Changes of viable bacteria counts during the pilot-scale food
waste fermentation.
This journal is © The Royal Society of Chemistry 2016and butyric acids. The increased Clostridium spp. population
was likely one of the reasons for increased acetic acid and
propionic acid concentration aer 72 h fermentation (Fig. 3).
The changes in total and soluble sugar concentration during
the fermentation were shown in Fig. 6. The soluble sugar
concentration reached its maximum (16.8 g L1) at 12 h and
then decreased gradually, and was below 1.0 g L1 aer 42 h.
During the SSF of food waste, the saccharication rate and the
sugar consumption rate were diﬀerent at diﬀerent fermentation
period. During the rst 12 h, the saccharication rate was higher
than the sugar consumption rate due to the low LAB cell density,
resulting in soluble sugar accumulation. As the bacteria pop-
ulation increased aer 12 h, the sugar consumption rate also
increased and therefore the soluble sugar concentration
decreased. The total sugar decreased from 50.4 g L1 to 17.8 g L1Fig. 7 Changes of TS, SS and VS concentration during the pilot-scale
food waste fermentation.
RSC Adv., 2016, 6, 104354–104358 | 104357
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View Article Onlineaer 48 h fermentation, while the LA increased to 21.5 g L1. The
LA yield of this fermentation was 0.66 g g1 total sugar, indi-
cating the existence of both homo-fermentative and hetero-
fermentative LAB in the fermentation broth.
Fig. 7 showed the changes in TS, SS, and VS during the
fermentation. The SS concentration decreased rapidly from
7.9% to 3.0% during the rst 48 h, due to the fast hydrolysis of
the solids into soluble compounds. The reduction of SS was
favorable since it reduced the cost for further disposal of the
residual food waste. The TS and VS showed the same decreasing
tendency, because organic solids accounted for over 90% of the
TS. The LA yield based on VS consumption was 0.44 g g1 VS,
which was close to the results by Tang et al.,14 who also studied
the fermentation of food waste with indigenous microbiota
(0.48 g g1 VS).
Conclusions
LA production from synthetic food waste through non-sterilized
open fermentation without extra inoculum addition was
investigated in this study. The laboratory-scale experiments
showed that the optimal solid–liquid ratio was 1 : 1 (water
content 91.7%) and addition of a-amylase 25 U per (g dry
matter) could signicantly accelerate the hydrolysis of food
waste and resulted in increased LA productivity. During the
pilot-scale fermentation, the LA concentration reached its
maximum (21.5 g L1) at 48 h and decreased thereaer. The
decrease in LA concentration and increase in byproduct
concentration were likely caused by the increased cell density of
microorganisms other than LAB. Aer 48 h of fermentation, the
total sugar and SS concentration decreased by 65.7% and
61.8%, respectively, indicating that LA fermentation was bene-
cial to achieve the harmlessness and reduction of food waste.
Based on this study, it is feasible to produce LA from food waste
fermentation without sterilization and inoculum addition.
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